All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Aortic stiffness is an independent risk factor for an array of cardiovascular, renal, and cerebral diseases. Increased aortic stiffness is paralleled by compositional changes of the vascular extracellular matrix (ECM), vascular smooth muscle cell (VSMC) cytoskeletal proteins \[[@pone.0124013.ref001]\] and physiological changes in VSMC tone. Experimental and clinical data strongly suggest that altered blood flow patterns secondary to aortic stiffness are initiating events of the above mentioned disease conditions. It is therefore logical to examine the relationship between ECM compositional changes and hemodynamic alterations in a model of aortic stiffness.

In general, it is understood that arteries remodel in response to mechanical loading from altered flow and pressure patterns \[[@pone.0124013.ref002],[@pone.0124013.ref003]\] even though in humans, aortic stiffness may precede arterial hypertension \[[@pone.0124013.ref004],[@pone.0124013.ref005]\]. Vascular remodeling processes include both structural and material transformations. Structural remodeling involves VSMC, fibroblast, and endothelial cell reorganization, and enhanced matrix turnover and deposition and furthermore is dependent upon the integrity of the adaptive immune system \[[@pone.0124013.ref006]\]. Material remodeling involves post-translational modifications, including two forms of cross-linking. The non-enzymatic advanced glycation end products (AGE) are cross-links that occur spontaneously \[[@pone.0124013.ref007]\], whereas enzymatic family of lysyl oxidases (LOX; EC 1.4.3.13, protein-lysine 6-oxidase), form co-valent vascular matrix cross-links \[[@pone.0124013.ref008]\] under the control of numerous growth factors and cytokines \[[@pone.0124013.ref009]\]. The functional enzymatic activity of LOX is the post-translational oxidative deamination of the ε-amino group of lysine and hydroxylysine ECM residues followed by the spontaneous condensation to di-valent and under select conditions tri-valent cross-links \[[@pone.0124013.ref010]\]. While the natural formation of vascular ECM cross-linking stabilizes the fibrous ECM proteins in a beneficial manner, over-abundance of collagen cross-linking renders collagen resistant to proteinase degradation \[[@pone.0124013.ref011]\]. There are five members of the LO family: lysyl oxidase (LOX) and lysyl oxidase-like 1--4 (LOXL 1--4) \[[@pone.0124013.ref012]\]. In the aorta LOXL1 appears to be important for the ECM integrity \[[@pone.0124013.ref013]\] and evidence suggests that the LOX isoform is essential for normal vascular development and function \[[@pone.0124013.ref014]\]. In addition to collagen, elastin is a substrate for lysyl oxidase mediated cross-linking through the formation multivalent cross-links which results in conformational constraints \[[@pone.0124013.ref015]\]. We propose that the overabundance of LOX mediated vascular cross-linking contributes to vascular stiffness.

A key issue is that a stiffer aorta alters the blood flow patterns to the kidney, brain, and cardiovascular system resulting in pathology \[[@pone.0124013.ref016],[@pone.0124013.ref017]\]. With increased arterial stiffness there is increased pulse wave velocity (PWV) with a correspondingly early return of the reflection wave (RW), which together augment systolic pressure, increase wall stress, and alter endothelial cell function \[[@pone.0124013.ref005],[@pone.0124013.ref018],[@pone.0124013.ref019]\]. According to the Windkessel model, the aorta acts as a hydraulic capacitor that reduces systolic flow and increases diastolic flow in the distal aorta, thus measured as diastolic flow fraction (DFF). The reduction of DFF, secondary to increased aortic stiffness, adds to the cardiac hemodynamic load and energy utilization, and negatively affects blood flow patterns in the downstream arteries and organs \[[@pone.0124013.ref020]\].

The contribution of LOX mediated matrix cross-linking associated with vascular stiffness and function requires further investigation. The central objective of this study is to show, in an angiotensin II (Ang II) model of aortic stiffness, that inhibition of LOX mediated vascular ECM cross-linking with β-aminopropionitrile (BAPN) reduces the Ang II induced aortic stiffness and thereby central aberrant aortic flow patterns. We describe the Ang II mediated functional effects in vivo of aortic stiffness with PWV, Young's modulus, RW time, and DFF values, all derived from flow wave Doppler recordings. Structural effects of remodeling were characterized with perfusion fixed histological specimen using morphometry and collagen bioassays. The material changes were assessed with bench collagen assays. We find that LOX inhibition suppresses the Ang II-mediated increase in LOX enzymatic activity and material based aortic stiffness without affecting structural remodeling.

Materials and Methods {#sec002}
=====================

Mice and study design {#sec003}
---------------------

Three-month-old male C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). This study was approved by the University of Arizona Animal Care Committee and conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85--23, revised 1996). All mice were randomly divided into placebo and three treatment groups.

A two by two study design was used to determine the effects of Ang II and BAPN on vascular stiffness. The BAPN (β-aminopropionitrile, Sigma-Aldrich) groups were pre-treated for 1 week prior to any test conducted. BAPN was dissolved into drinking water at a dosage of 1.5g/L *ad libitum*. Ang II was administered with a subcutaneous Alzet micro-osmotic pump (Durect Corporation, Cupertino, CA) releasing the Ang II receptor type I (AT1) agonist \[Val^5^\]Ang II (Sigma) at a rate of 490ng/kg/min. Control groups also received the pumps filled with vehicle (PBS). On Day 14, the mice were sacrificed for descriptive analyses.

Blood Pressure Measurements {#sec004}
---------------------------

All mice were trained with the tail cuff system and data were recorded for Days 0 and 14. Blood pressure values were measured with the tail cuff system while the mice were placed on a heated platform (Hatteras Instruments, Cary, North Carolina). Blood pressure values recorded were from an average of ten consecutive measurements.

ECHO/Doppler {#sec005}
------------

Pulse wave velocity (PWV), reflection wave (RW) transit time, and diastolic flow fraction (DFF) were calculated from noninvasive ECHO Doppler measurements acquired with the Vevo 770 High Resolution Imaging System (VisualSonics, Toronto, Canada) version 2.3.0. using the model 707B scan head. Measurements were taken in the supine position with a heated platform while the mice were anesthetized with 1.3% isoflurane with continuous electrocardiogram (EKG) monitoring, with heart rates (HR) ranging from 325--375 beats per minute. The pulse wave velocity was calculated based on the time difference between the arrival of the leading edge of the systolic pulse wave at the innominate artery and at a position just superior to the renal artery. The wall stiffness, Eh, was derived from the Moens-Korteweg equation for pulse wave velocity, where E is the Young's modulus and h is the wall thickness. The effective Young's modulus, E, was then deduced using data on wall thickness. The methods for measuring and computing the PWV, DFF, and RW transit time are described in the Supplement.

Determination of LOX Activity {#sec006}
-----------------------------

LOX activity was measured by a fluorescent assay modified from the report of Palamakumbura and Trackman \[[@pone.0124013.ref021]\]. Briefly, 25mg of whole aorta tissue was homogenized in 300μL of Cell lytic (Sigma) at -80°C and reconstituted to 1mL with LOX buffer (1.2 mol/L urea, 50mmol/L sodium borate \[pH = 8.2\]) then centrifuged at 12,000 g for 10 minutes. Supernatant was then used for LOX enzymatic activity through the production of H~2~O~2~ and detected with fluorescent resorufin at wavelength 563 and 587nm. BAPN was used in one set of paired samples to establish that the production of H~2~O~2~ was a specific product of lysyl oxidase enzymatic activity.

Perfusion Fixation and Histological Staining {#sec007}
--------------------------------------------

Mice were anti-coagulated with a subcutaneous injection of 100 μl 1,000 USP units/mL heparin sodium prior to sacrifice. Thirty mL of saline was infused into the left ventricle and out of the right atrium to remove vascular blood, followed by in situ fixation with the administration of 2:1 3% glutaldehyde:1% formaldehyde, to prevent fixation contraction, for 15 minutes at a constant perfusion pressure of 40 mmHg. Once fixed, the aortic tissue was carefully removed to preserve the vascular architecture. The tissues were paraffin embedded, cut at 5 μm, and stained with H&E, Masson's Trichrome, Verhoeff's Van Gieson (VVG) elastin stain and Picrosirius red (PSR) collagen stain. Image analysis was performed using NIH Image-J software to quantify aortic diameter and the tissue collagen related to the Ang II and BAPN treatments.

Determination of Hydroxyproline and collagen cross-linking {#sec008}
----------------------------------------------------------

Hydroxyproline and cross-linking assays were performed as previously described by Yu et al. \[[@pone.0124013.ref009]\] Briefly, total aorta hydroxyproline measurements were compared to a standard colorimetric curve of trans-hydroxyproline (sigma). The data was expressed in micrograms of collagen per milligram of aorta dry weight, assuming collagen contains an average of 13.5% hydroxyproline. Cyanogen bromide digestion was used to determine collagen cross-linking. Cross-linking percentage was expressed as total hydroxyproline to cyanogen bromide-soluble hydroxyproline according to Woodiwiss et al \[[@pone.0124013.ref022]\].

Statistics {#sec009}
----------

ANOVA with multi-comparison procedures was used to test the difference among the defined groups with SPSS version 11.5. Values obtained from treatment groups were compared with control values using Student's t-test. Comparable non-parametric tests (Kruskal-Wallis and the rank sum test) were substituted when test for normality and equal variance failed. All data are reported as means ± SEM. Data are from the vascular stiffness study whose authors may be contacted at the University of Arizona, Saver Heart Center, Tucson, Arizona 85724. A complete dataset for this report is posted at DOI:[10.5061/dryad.65525](http://dx.doi.org/10.5061/dryad.65525).

Results {#sec010}
=======

Vascular effect of BAPN on Ang II-induced arterial hypertension {#sec011}
---------------------------------------------------------------

[Fig 1](#pone.0124013.g001){ref-type="fig"} demonstrates that 14 days of Ang II alone increases arterial blood pressure by greater than 60%. BAPN was administered for 7 days prior to Ang II and continued for the 14 days concurrent with the Ang II infusion. [Fig 1B](#pone.0124013.g001){ref-type="fig"} shows that administration of BAPN alone lowered the Day 0 mean arterial blood pressure (MAP) by 10% from 95 ± 2 to 86 ± 2 mmHg (P = 0.02). When the BAPN was given with Ang II for 14 days it lowered the MAP 18% from 178 ± 3 to 147 ± 7 mmHg (P\<0.001). When comparing the systolic pressures ([Fig 1A](#pone.0124013.g001){ref-type="fig"}) with the diasolic pressures ([Fig 1C](#pone.0124013.g001){ref-type="fig"}), Ang II alone decreased the pulse pressure from 38 ± 2 to 27 ± 4 mmHg (P = 0.002), though the addition of BAPN to the Ang II did not alter the pulse pressure; 35± 5 versus 32 ± 1 mmHg (NS) when comparing Day 0 with 14. Neither Ang II infusion nor BAPN administration affected the heart rate.

![Vascular and cardiac effect of BAPN on Ang II induced arterial hypertension.\
To assess the effects of Ang II and LOX inhibition on vascular function, we first analyzed the systemic arterial blood pressure measured with tail cuff. **A**, The systolic arterial blood pressure, **B**,The mean arterial blood pressure. **C**, Diastolic arterial blood pressure. n = 6. \*P\<0.05 compared to control, ^Ɨ^P\<0.05 compared with BAPN group, ^\#^P\<0.05 compared with Ang II group at their respective day.](pone.0124013.g001){#pone.0124013.g001}

Aortic flow characteristics {#sec012}
---------------------------

The central question of this investigation is to determine whether LOX enzymatic activity affects vascular mechanics. All data shown in [Fig 2](#pone.0124013.g002){ref-type="fig"} were derived from flow wave Doppler recordings. Aortic stiffness was analyzed using pulse wave velocity (PWV) based on the transit time and distance between the innominate artery and the abdominal aorta above the renal arteries. Ang II increased PWV while BAPN alone had no effect compared with the control group. [Fig 2A](#pone.0124013.g002){ref-type="fig"} shows a 33% reduction in PWV in the BAPN + Ang II group when compared to the Ang II only group. The wall stiffness, Eh, computed from PWV ([Fig 2B](#pone.0124013.g002){ref-type="fig"}) demonstrated that Ang II caused a 4.5-fold increase in wall stiffness whereas co-administration of BAPN with Ang II led to a 2.5-fold increase (P\<0.05). [Fig 2C](#pone.0124013.g002){ref-type="fig"} shows total wall thickness, h, in the abdominal aorta. Both Ang II alone and Ang II with BAPN caused a 2-fold increase in intimal-medial-adventitial wall thickness. The effective Young's modulus, E, was estimated by dividing the wall stiffness, Eh, by the measured wall thickness, h. Most importantly, [Fig 2D](#pone.0124013.g002){ref-type="fig"} demonstrates that Ang II alone caused a 2-fold increase in effective Young's modulus which was inhibited by BAPN.

![Aortic flow and stiffness characteristics.\
The flow characteristics of the lower thoracic aorta, superior to the renal bifurcation, were analyzed with ECHO/Doppler. **A**, Pulse wave velocity was used to determine vascular stiffness. **B**, Effective wall stiffness (Eh), was deduced from measuring PWV. **C**, Wall thickness (h), was measured from perfusion fixed aortas at day 14, at the same location of the PWV readings. **D**, The effective Young's modulus (E), readings were made weekly. **E**, The diastolic flow percentages was calculated comparing the systolic and diastolic VTI's. **F**, The reflected wave transit time was measured at the innominate artery with flow Doppler. n = 6. \*P\<0.05 compared to control, ^Ɨ^P\<0.05 compared with BAPN group, ^\#^P\<0.05 compared with Ang II group at their respective day.](pone.0124013.g002){#pone.0124013.g002}

To analyze the effects of BAPN on the diastolic flow fraction (DFF) of the abdominal aorta, the velocity-time-integral was measured separately for the systolic and diastolic flow phases and computed individually into systolic and diastolic flow per minute. [Fig 2E](#pone.0124013.g002){ref-type="fig"} shows that Ang II alone decreased the DFF from 29.0± 0.7 to 21.5 ± 0.6% (P\<0.001) and thus there was a correspondingly increase in systolic flow fraction from 8.7 to 11.7 mL/min (P = 0.02). BAPN attenuated the decrease in diastolic flow fraction mediated by Ang II to 24.8± 1.6%, compared with Ang II alone (P\<0.05). Since the majority of aortic capacitance resides in the thoracic region, these data show that Ang II mediated LOX enzymatic function significantly affects this regional capacitance function and thus down-stream aortic flow characteristics. The third in vivo analysis of vascular stiffness was the reflected wave (RW) transit time relative to the EKG-R wave in the innominate artery ([Fig 2F](#pone.0124013.g002){ref-type="fig"}). To validate an estimated RW transit time, we first measured the transit time from the innominate artery to the iliac arteries which was 21.0 ± 0.5 ms in control mice. Assuming that the iliac arteries are a source of reflected waves, the reflected wave should be detected at the innominate artery approximately twice the forward transit time; that is 42 ms. Our measured RW transit time relative to the R wave in the innominate artery is 42.4 ± 1.3 ms. As shown in [Fig 2F](#pone.0124013.g002){ref-type="fig"}, the RW transit time was reduced from 42.4 ± 1.1 to 36.1 ± 1.1 (P = 0.029) with Ang II and no change with concurrent BAPN administration. These data suggest that Ang II increases PWV, and decreases Young's modulus, DFF and RW time, and LOX inhibition reduces vascular stiffness as measured with PWV and DFF but does not affect RW transit time.

Cessation of Ang II infusion {#sec013}
----------------------------

Hypertension alone can contribute to the measured increase in vascular stiffness due to the alignment and engagement of collagen fibers that occurs with increased circumferential strain and also due to increased VSMC tone. To distinguish these effects from changes in material properties, we removed the Ang II infusion pumps from the Day 14 mice and four days later assessed the PWV. Removal of the Ang II pumps resulted in restoration of the arterial blood pressures to control values ([Fig 3A](#pone.0124013.g003){ref-type="fig"}). More specially, [Fig 3B](#pone.0124013.g003){ref-type="fig"} shows that the PWV increased from 2.33 ± 0.3 to 4.51 m/s (P\<0.0001) with chronic Ang II infusion and decreased to 2.93 ± 0.16 m/s (-65%, P\<0.002) with pump withdrawal. We infer that the reduction from 4.51 m/s to 2.93 m/s after Ang II pump withdrawal is due to the vasoactive effects of Ang II and/or effects of increased strain, and the difference, a 35% residual, between the control PWV of 2.33 m/s and the value of 2.93 m/s after Ang II pump withdrawal is due to ECM remodeling. In support of this conclusion, BAPN inhibition of ECM crosslinking resulted in a lowered Ang II PWV and Ang II pump withdrawal in the Ang II + BAPN group returned the PWV by 99% to control values of 2.34 ± 0.0.08 m/s. Since there were no differences between the collagen and elastin concentrations when comparing the Ang II group with the Ang II plus BAPN group; these data strongly suggest that Ang II administration alone induces both increased vascular strain and remodeling that includes those enzymatic effects of LOX whereas LOX does not inhibit morphological remodeling but inhibits functional or effectual remodeling.

![Cessation of Ang II infusion.\
Hypertension contributes to vascular stiffness together with structural and material remodeling. Therefore the Alzet pumps were removed to determine the contribution of each to the total vascular stiffness. **A**, The Alzet pumps were removed on Day 14 and the blood pressure returned to control values by day + 4. **B**, The pulse wave velocity measured with and without Ang II infusion on days 14 and + 4 days after pump removal. n = 6. \*P\<0.05 compared to control, ^Ɨ^P\<0.05 compared with Ang II group, ^\#^P\<0.05 compared with Ang II + BAPN + 4 group.](pone.0124013.g003){#pone.0124013.g003}

Vascular morphology {#sec014}
-------------------

Based on the measured effects of LOX inhibition on vascular function, we assessed the effect of Ang II with and without BAPN on vascular structural remodeling. On Day 14 the aortas were perfusion fixed *in situ* at a pressure of 40 mmHg and then the upper abdominal aortas were harvested. [Fig 4A](#pone.0124013.g004){ref-type="fig"} shows altered medial and adventitial thicknesses and specific stains for elastin and collagen. Verhoeff's Van Gieson (VVG) staining of elastin (black), and Picrosirius red (PSR) staining (red) demonstrate the regional distribution of elastin and collagen in the artery, respectively. The groups receiving BAPN had punctated collagen distribution in the medial layer. Medial thickness increased in both groups receiving Ang II and not affected by BAPN ([Fig 4B](#pone.0124013.g004){ref-type="fig"}) BAPN also failed to reduce Ang II-induced adventitial hyperplasia ([Fig 4B](#pone.0124013.g004){ref-type="fig"}). [Fig 4C](#pone.0124013.g004){ref-type="fig"} defines the vessel dimensions and levels of elastin and collagen using morphometric analysis. Ang II increased vascular collagen content by 67% (P\<0.01) whereas BAPN caused a 26% reduction of vascular collagen (P = 0.08) compared with control. [Fig 4C](#pone.0124013.g004){ref-type="fig"} also shows that the combination of Ang II + BAPN led to significantly more total collagen than the control and BAPN groups, but less than the Ang II alone. The systolic aortic diameter measured from an M-mode upper aortic ECHO was significantly reduced in the Ang II plus BAPN groups compared with the control group (P\<0.02). It was noted that 30% of the Ang II plus BAPN mice had aortic aneurysms; these mice were not used in the data presented since the aneurysms involved an anatomical region that was critical to our stiffness analysis. Taken together, Ang II causes significant changes morphological properties of the aortic vasculature which are not reversed by LOX inhibition.

![Vascular morphology.\
Aortic histomorphometry was performed with the elastin specific stain Verhoeff's Van Gieson (VVG) and the collagen specific stain picrosirius red (PSR). **A**, Representative histological sections are presented according to treatment. **B**, The medial thickness and adventitial thickness were analyzed to describe the aortic morphological changes in response to the treatments. **C**, The aortic structural dimensions as measured with VVG and PSR stains. **D**, The systolic luminal diameter were measured with the M-mode ECHO, collagen content was quantified with PSR histological staining, and elastin content was measured with VVG stain. n = 6. \*P\<0.05 compared to control, ^Ɨ^P\<0.05 compared with BAPN group.](pone.0124013.g004){#pone.0124013.g004}

LOX enzymatic effects {#sec015}
---------------------

We have shown the hemodynamic, histological, and vascular mechanical changes that occur with BAPN treatment. To directly determine the effect of BAPN on LOX enzymatic activity, LOX enzymatic activity assay was measured in aortic tissue after 21 days of BAPN treatment. The assay of LOX activity was the spectrophotometric detection of the byproduct of LOX enzymatic activity, hydrogen peroxide. [Fig 5A](#pone.0124013.g005){ref-type="fig"} shows that Ang II increases the enzymatic activity of LOX in the aorta (P\<0.01) and that BAPN significantly reduces the enzymatic activity with or without Ang II stimulation (P\<0.01). Furthermore we indirectly measured LOX cross-linking, by comparing total vs soluble collagen using hydroxyproline assay (Fig [5B](#pone.0124013.g005){ref-type="fig"}--[5D](#pone.0124013.g005){ref-type="fig"}). Total collagen measurements in [Fig 5B](#pone.0124013.g005){ref-type="fig"} show an increase in total vascular collagen in Ang II and Ang II plus BAPN by 44% and 14% respectively, whereas BAPN alone significantly decreased collagen content by 15%. Insoluble or cross-linked collagen is shown in [Fig 5C](#pone.0124013.g005){ref-type="fig"}. Cyanogen bromide digestion was used to determine cross-linking, showed significant decreases in BAPN administration regardless of the Ang II stimulation (P\<0.02), and a 44% increase in Ang II alone (P\<0.05). Comparing the soluble to total collagen of the samples, we were able to show the indirect measurement of collagen cross-linking as a percentage ([Fig 5D](#pone.0124013.g005){ref-type="fig"}). These spectrophotometric assays show BAPN significantly reduced vascular collagen content in addition with cross-linked collagen ratios.

![Effect of Ang II and BAPN on LOX, collagen, and cross-linking in aortas.\
The effect of LOX is not confined to the crosslinking of collagen and elastin and therefore we examined the effect of LOX on gene expression of other key ECM proteins and enzymes. **A**, Lysyl-oxidase enzymatic activity measured from the lower thoracic aorta represented by the production of H~2~O~2~ and detected by Amplex red oxidation. **B**, The total collagen content using hydroxyproline concentrations assuming collagen contains 13.5% hydroxyproline. **C**, Cross-linked collagen, using cyanogen bromide as digestion. **D**, Percent of collagen cross-linking. n = 6. \*P\<0.05 compared to control, ^Ɨ^P\<0.05 compared with BAPN group, ^\#^P\<0.05 compared with Ang II group at their respective day.](pone.0124013.g005){#pone.0124013.g005}

Discussion {#sec016}
==========

Overview of findings {#sec017}
--------------------

The ability of the arteries to remodel in response to flow-dependent and -independent stimuli is central to most arterial diseases. We hypothesized that ECM collagen cross-links contribute to arterial remodeling, and thereby influence aortic stiffness and hemodynamic characteristics. The goal of this study was to modulate the material properties of the aorta mediated by the cross-linking enzyme, lysyl oxidase (LOX), with Ang II and the LOX inhibitor, BAPN, and then to assess the *in vivo* aortic stiffness. The functional parameters for aortic stiffness included the clinical standard, pulse wave velocity (PWV); diastolic flow fraction (DFF); and reflection wave (RW) transit time, which were computed from Doppler flow measurements. We found that chronic Ang II infusion increased PWV, and reduced DFF and RW transit time. Importantly, these parameters indicate flow patterns that are clinically associated with injury to major organ systems \[[@pone.0124013.ref005],[@pone.0124013.ref018],[@pone.0124013.ref019]\]. To determine what proportion of the measured vascular stiffness is caused by the vascular strain secondary to hypertension, we abruptly terminated the Ang II infusion. With normalized arterial blood pressure, we found a residual vascular stiffness representing effects related to material and structural remodeling. Furthermore, LOX inhibition in Ang II treated mice completely blocked the increase in effective Young's modulus and partially normalized PWV and DFF while having no effect on RW transit time. Since LOX has been primarily associated with cross-linking of the vascular ECM proteins, these results imply that blocking the formation of ECM cross-linking leads to normalization of the material properties as described by the effective Young's modulus. Taken together, these results show that Ang II increases vascular stiffness through a combination of increased wall thickness, increased strain resulting from hypertension, and changes in the intrinsic material properties of the wall mediated by LOX enzymatic activity.

Vascular Function {#sec018}
-----------------

Our *in vivo* measurements of aortic stiffness were computed from flow wave Doppler. The PWV was determined with the flow wave Doppler transit times, measured from the EKG-R wave at two anatomical sites; the innominate artery and the abdominal aorta superior to the renal artery bifurcations. The PWV was markedly increased with Ang II infusion suggesting vascular stiffness. The technique using flow wave Doppler was previously described \[[@pone.0124013.ref023]\] and provided a correlation (r = 0.83, P\<0.0001) with the standard pulse pressure method using applanation tonometry \[[@pone.0124013.ref024]\]. Due to its elastic compliance, the aorta stores a portion of the cardiac systolic stroke volume and discharges this volume during diastole (the Windkessel effect). The DFF represents diastolic flow as a fraction of total flow. DFF was measured at the abdominal aortic site. Ang II significantly reduced the DFF and suggesting increased proximal aortic stiffness. Lastly, an increase in arterial stiffness decreases the RW transient time at the innominate artery and is predictive of vascular pathology \[[@pone.0124013.ref017]\]. We found that the RW transient time was shorter in the Ang II mice. A major benefit of our use of flow wave Doppler analysis is that it is non-invasive, thus permitting a longitudinal analysis of vascular stiffness in each animal.

The most striking finding was that BAPN partially inhibited Ang II induced vascular wall stiffening but completely inhibited the increase in effective Young's modulus. Since Young's modulus describes the material properties, this observation suggests that vascular stiffness is dependent upon LOX mediated cross-linking. The mechanical properties of the arterial vasculature have been shown to be directly related to the comparative concentrations of vascular ECM fibrillar proteins and the levels of ECM protein cross-linking \[[@pone.0124013.ref010]\]. To strengthen our observation, we found that BAPN had minimal effects on structural changes caused by Ang II, moderate effects of PWV and DFF, and no effect on the RW Transient time. Other reported vascular effects of BAPN have been to reduce blood pressure in a deoxycorticosterone acetate (DOCA) hypertensive model \[[@pone.0124013.ref025]\], and *ex-vivo* stiffness in sectioned vascular rings \[[@pone.0124013.ref008],[@pone.0124013.ref026]\].

Material, Structural, and Functional {#sec019}
------------------------------------

We investigated arterial vascular stiffness in terms of material, structural, and blood pressure. We have shown that Ang II increases the material properties through increased vascular enzymatic activity of LOX, collagen content, and cross-linked collagen which were inhibited with BAPN. BAPN inhibits all isoforms of lysyl oxidase however the differential vascular expression of the LOX and Lysyl oxidase-like (LOXL-1) isoforms have been shown to be critical in age dependent aortic vascular function \[[@pone.0124013.ref013],[@pone.0124013.ref027]\]. Taken from the above reports, we suggest that our BAPN treatments are affecting primarily the adult isoform, LOXL-1, in the aorta. Ang II also caused structural increases in medial and adventitial thicknesses which were not affected by LOX inhibition. It has been suggested that less than ten percent of collagen fibers are engaged at physiological pressures \[[@pone.0124013.ref028]\], whereas with biaxial loading, as observed with hypertension, the vessel becomes stiffer due to a sequential realignment and engagement of the medial and then adventitial collagen fibers \[[@pone.0124013.ref029]\]. Therefore in our study the measured stiffness in the arterial hypertensive state is partially due a right-ward shift of the stress/strain relationship resulting in the recruitment of collagen fibers. To directly separate the effect of blood pressure and remodeling on vascular stiffness, we withdrew the Ang II infusion pumps on Day 14. Discontinuation of Ang II infusion resulted in an immediate decrease in blood pressure to control values and a 70% decrease in PWV measurement. Therefore, the remaining residual stiffness of 30% represents material and structural remodeling. Our results suggest, in this Ang II model, that the majority of vascular stiffness may be due to the hypertensive state. Moreover with pump withdrawal in the Ang II/BAPN group showed a complete return of PWV control levels, suggesting that the cross-linked material properties contribute substantially to the residual stiffness.

Classically, it has been proposed that the vascular remodeling response alters the structural and material properties in order to restore normal biomechanical parameters \[[@pone.0124013.ref002]\]. Others have proposed that the overall vascular stiffness of large arteries includes both the intrinsic mechanical properties of the VSMC in addition with the material and structural ECM remodeling \[[@pone.0124013.ref030]\] which is consistent with our observations. To expand this concept further, the VSMC contribution to vascular stiffness is relatively dependent upon the altered ECM environment and connectivity \[[@pone.0124013.ref031]\]. There appears to be a sequential transition of vascular stiffness including VSMC tone and collagen realignment responses to support short-term needs and an adaptive process including cellular proliferation, matrix production and maturation, and connectivity of the contractile apparatus for more chronic conditions. Therefore the arterial vascular adapts in a prescribed order to achieve "mechanical homeostasis" in response to the duration and types of stressors \[[@pone.0124013.ref032]\].

Ang II mediated Vascular Remodeling {#sec020}
-----------------------------------

In this study we used the AT1 agonist \[Val^5^\]-angiotensin II. Ang II, through its AT1 receptor, is known to induce VSMC vasoconstriction in addition to induce collagen production by the VSMCs \[[@pone.0124013.ref033]\] and adventitial fibroblasts \[[@pone.0124013.ref034]\]. The understood pathway is activation of the AT1 receptor stimulates of TGF-β and its downstream mediator, connective tissue growth factor (CTGF) \[[@pone.0124013.ref035]\] leading to collagen accumulation. Yet it appears that LOX inhibition impairs Ang II-induced vascular remodeling and mechanics irrespective of collagen content. LOX may have other undefined targets on an array of processes that regulate structural and material remodeling. However our data suggest that LOX inhibition impairs Ang II-induced vascular remodeling and mechanics through decreased collagen content and maturation.

Integration {#sec021}
-----------

Our *in vivo* investigation reveals that Ang II produces vascular stiffness by affecting the blood pressure through VSMC tone, ECM function through increased stress, and material and structural properties through remodeling. Since we have shown that Ang II induces LOX expression \[[@pone.0124013.ref006]\], the central aim of this report was to show that Ang II infusion induces vascular LOX enzymatic activity which is associated with vascular material stiffness through ECM cross-linking. This Ang II mediated cross-linking can be inhibited resulting in a significant decrease in vascular stiffness. The importance of a balanced LOX expression in the arterial vasculature is further supported by the observations that LOX inhibition can result in medial and elastic laminar degeneration resulting in aneurysm formation \[[@pone.0124013.ref036],[@pone.0124013.ref037]\] and conversely stimulation of LOX-mediated cross-linking stabilizes aortic aneurysms \[[@pone.0124013.ref038]\]. Elevated LOX activity has been shown to induce atherosclerosis and inhibition has led to plaque instability as reviewed by Rodriguez \[[@pone.0124013.ref039]\]. Evidently, therefore, LOX is a very important enzyme for maintaining the vascular homeostasis of the ECM. A clinical implication of this work is that stiffening of the aorta due to enhanced LOX enzymatic function could be detrimental to the heart, large arteries, as well as the end-organs in hypertensive, and aged individuals.

Study limitations {#sec022}
-----------------

We have shown the *in vivo* effects of LOX on vascular stiffening and described this through the cross-linking of collagen. However elastin can potently form up to 4 times the number of lysyl oxidase mediated cross-links that may occur in a tetravalent form. The types of cross-links occurring in collagen proteins are known to be on C- and N-terminal with intra-collagen cross-links however elastin proteins requires a three-dimensional network needed during for fiber assembly \[[@pone.0124013.ref015]\]. It is speculated that the tertiary structure imposes conformational constraints that may differ from that of collagen. We used an established analytical method for collagen cross-linking quantification as a means to describe the effect of Ang II and LOX in vascular stiffening and did not assay the elastin due to the difficulty in analysis.

Aortic mechanical function *in vivo* is a function of both the large arteries and smaller resistance arteries. In this study we did not directly measure smaller arterial function, although changes in their properties are reflected in the reported arterial blood pressures.

Supporting Information {#sec023}
======================

###### Defining the parameters for computation of PWV, DFF, and RW transit time.

Transit times T1 and T2 were determined by the time from the peak of the EKG-R wave and the first pixel increase on their respective flow tracing. The distance between the innominate artery and the abdominal aorta just superior to the renal bifurcation was and T2 minus T1 was used to determine PWV. RW transit time was measured from the peak of the EKG-R wave and the nadir of the innominate artery flow Doppler. The DFF was computed by the area of diastole flow (DF) compared with the area of systolic flow (SF).

(TIF)

###### 

Click here for additional data file.

###### Representative Flow Wave Doppler tracings.

The red line represents the peak EKG-R wave. The yellow lines are the transit times from the R-wave and the first pixel increase in the flow tracing. The white line represents the nadir of the flow tracing in the innominate artery for the measurement of the RW transit time. The dotted blue line is the diastolic flow in the control aorta proximal to the renal arteries.

(TIF)

###### 

Click here for additional data file.

###### Methods for computation of PWV, DFF, and RW transit time.

(DOCX)

###### 

Click here for additional data file.
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